An optimized dual fiber Bragg grating (FBG) is proposed for 980-nm semiconductor lasers without thermoelectric coolers to restrict temperature-induced wavelength shift. The mathematical model of the temperature-induced wavelength shift of the laser with the dual FBG is built using the external cavity feedback rate equations. The external cavity parameters are optimized for achieving the stability mode-locking laser output. The spectral characteristics of the dual FBG stabilized laser are measured to range from 0 to 70 • C. The side mode suppression ratio (SMSR) is more than 45 dB, while the full-width at half-maximum (FWHM) is less than 1 nm. The peak wavelength shift is less than 0.1 nm. The dual FBG wavelength shift proportional coefficient is between 0.1086 and 0.4342.
High-power wavelength-stabilized 980-nm semiconductor lasers comprise the main pump sources for fiber lasers and erbium-doped fiber amplifiers (EDFAs) in current telecommunications networks [1−5] . Dense wavelength division multiplexing (DWDM) systems with high speed and capacity have been deployed in long-haul and metro networks. EDFAs are efficient optical amplifiers for DWDM systems, and their performance depends on the characteristics of pump lasers, including frequency spectrum, output optical power and polarization state, and so on. The amplifier gain is sensitive to the pump wavelength, which drives the market almost exclusively toward cheap and wavelength-stabilized semiconductor lasers. Conventionally, thermoelectric coolers (TECs) are fixed in semiconductor laser modules to eliminate the output wavelength shift caused by ambient temperature change and current-induced heating. TECs are removed in uncooled laser modules based on fiber Bragg grating (FBG) external cavity stabilization to reduce power consumption, size, and cost. However, it is impossible to avoid a large wavelength detuning between the lasing peak wavelength and the Bragg wavelength at 0-70 • C ambient temperature. Because the dual FBG form, an external cavity as frequency-selective component, the uncooled semiconductor laser can operate within the range of 0-70 • C with an accurate emission wavelength. Contrary to laser modules with the single FBG external cavity semiconductor laser, there is no wavelength detuning in a dual FBG stabilized semiconductor laser [6, 7] . In general, the dual FBG external cavity is considered as two filters in series, especially for strong external feedback; however, the dual FBG external cavity should be modeled as a Fabry-Perot (F-P) cavity for weak external feedback because semiconductor lasers are sensitive to the weak external optical feedback. Various dynamics, including instability and chaos, have been reported and observed in this system. Therefore, the investigation of the laser module with the low reflectivity dual FBG based on a F-P external cavity is very important through analysis of the rate equations. Meanwhile, there is a contradiction between the side mode suppression ratio (SMSR) and the output power efficiency in the semiconductor laser module. Relatively high external reflectivity makes the laser achieve high SMSR while decreasing the output power efficiency of the laser. A high-power semiconductor laser is vital to further application. However, suppression of other lasing modes to achieve single longitudinal mode output must greatly reduce the overall output power. When the external length is longer than the coherent length, in which the laser is under the coherence collapse, the laser can operate steadily within the external reflective bandwidth. In this case, the stable output wavelength is achieved. Although the increase of high-frequency noise is caused by the beat-frequency phenomenon under the coherence collapse, numerous modes and their incoherence equalize the low-frequency output power with jumping modes. Therefore, a high-power uncooled dual FBG stabilized 980-nm semiconductor laser module has been proposed to achieve the high SMSR with low output power loss [8−11] .
In this letter, the wavelength shift of the semiconductor laser module with dual FBG external cavity is studied through the FBG coupled mode theory and the external cavity feedback rate equations. The characteristics of the F-P external cavity are integrated into the effective external transmittivity (T eff ), which is substituted into the rate equations to analyze the wavelength shift through the relation between the light and carriers. The active internal cavity and the passive external cavity are unified into the rate equations, after which the dual FBG external cavity is designed, optimized, assembled, and measured based on the abovementioned study. The experimental results at 0-70 • C prove that the dual FBG can help high-power uncooled 980-nm semiconductor lasers overcome wavelength shift and achieve a stable operating state with good mode-stabilizing and frequency-selective characteristics at the same range of ambient temperature. Figure 1 shows the structure of the laser module with the dual FBG. The mathematical expressions of the effective external transmittivity of the dual FBG is deduced as:
where h is the fiber length between two FBGs; β is the propagation constant; |t g1 | and φ r1 are the transmittance of FBG 1 and the reflection phase factor of FBG 1 , respectively; |t g2 | and φ r2 are the transmittance of FBG 2 and the reflection phase factor of FBG 2 , respectively; |r f | is the electric field amplitude reflection coefficient of the laser front surface. The Bragg wavelength λ B of dual FBG can be obtained by min{T (λ B )} = T (λ B ) in Eq.
(1). The coupling effect of the light in the narrow reflective bandwidth of the dual FBG strengthens the front reflection of the laser. The resonant cavity of the dual FBG locks the output characteristics of the uncooled semiconductor laser modules. If the length and the feedback wavelength of the dual FBG cavity can meet certain condition: δ + φ r1 + φ r2 = 2mπ, this can lead to harmonic peaks at the central wavelength. In the equation, m is an integer and δ = 4πnh/λ is the optical path difference (OPD) caused by the separation of the dual FBG cavity (n is the fiber refractive index). For the dual FBG cavity, when the cavity length and the coupling central wavelength remain unchanged, φ r1 and φ r2 make an increasing impact on the effective bandwidth of the resonant cavity with the decrease of the reflective bandwidth of dual FBG.
When FBG 1 and FBG 2 are virtually identical, the effective external transmittivity in the case of weak external feedback can be simplified as
where |t g | = |t g1 | = |t g2 | is the transmittance of the single FBG, and φ r = φ r1 = φ r2 is the reflection phase factor of the single FBG.
We have described the temperature-induced wavelength shift for the uncooled laser module by a rate equation model expressed by
where η is the internal quantum efficiency, q is 1.6×10 −19 C, I is the drive current to the laser, V is the volume of gain medium, N tr is the transparency carrier density, N is the carrier density, dg/dN is the differential gain, v g is the group velocity of light in the gain medium, P is the photon density, τ P is the photon lifetime, β SP is the spontaneous emission factor, Γ is the confinement factor, A is the nonradiative recombination coeffcient, BN 2 is the rate of spontaneous emission, B is the bimolecular recombination coeffcient, C is the Auger recombination coefficient, ρ is the coupling efficiency between the laser and FBG 1 , and P/τ m is the loss rate of photons passing through the dual FBG cavity. Here, τ m can be described as
where c is the velocity of light in vacuum, n d is the refractive index of the semiconductor gain medium, l is the internal cavity length of the laser, and L ec is the external cavity length. The resonance phase condition can be obtained as follows:
Then it can yield the mode spacing given by
where D (D ≈ L ec ) is the length between the front surface of the semiconductor laser and FBG 1 . Figure 2 shows the numerical simulation results of the carrier density, the photon density and T eff at the dual FBG operating bandwidth. In the case of weak external feedback, the carrier density and the photon density tend to increase in a spiral way as the feedback intensity increases. This indicates that the external longitudinal modes induce the complex laser longitudinal modes. As the feedback intensity increases, the slope of the carrier density increases. There is a peak reflection at the Bragg wavelength over the dual FBG operating bandwidth. When the current or the lasing wavelength increases, the descending slopes of the carrier density at the two sides of the central wavelength corresponding to the equivalent transmittance intensity of the dual FBG become identical. According to Fig. 2 , the higher carrier density corresponds to the slower T eff drop rate. Therefore, there are two lowest transmittance intensities on both sides of the former lowest transmittance intensity at the dual FBG operating bandwidth. The two wavelengths with the lowest transmittance intensities correspond to the highest photon density. If the optical power is unchanged or is relatively stable at the transient stage, the higher photon density shows the average photon energy drops. The long wavelength peak is more easily responded as compared with the short one. Next, there exist four wavelengths with the lowest transmittance intensities in the same manner. Each peak wavelength bifurcation gradually strengthens the inclination to the long wavelength. The bifurcation processes continue until there is no difference in the carrier density between the two sides of the latest peak wavelength. As a result, the whole reflective bandwidth of the dual FBG shifts to the long wavelength as the central wavelength shifts to the long wavelength.
When the laser light passes through the dual FBG, the phase factor leads to smaller lasing mode spacing, and there will be more multi-mode lasing in the dual FBG reflective bandwidth. The laser module with the dual FBG external cavity then produces more spectral lines under the uniform resonance in the dual FBG operating bandwidth. The peak carrier density change is limited, and then wavelength red-shifting is inhibited, which is an effective means of lasing wavelength stability. Among the dynamic longitudinal modes of the different lasing wavelengths, the laser module can instantly produce large amounts of non-coherent photons to suppress the coherent photons, leading multi-mode lasing to the coherence collapse regime. Lasing modes are limited within the reflective bandwidth in order to reduce mode competition under the coherence collapse. The laser can operate more stably under the coherence collapse regime. Usually, the rear surface reflectivity of the laser is 95%, and the front surface reflectivity of the laser is designed based on laser chip length and the external cavity structure [12, 13] . For the balance of the output power efficiency and stability of the laser, the range of the front surface reflectivity should be between 0.005 and 0.05. The dual FBG reflectivity is between 3% and 8%. In practice, the best length of the two FBGs should be dependent on the laser properties, such as laser gain spectrum, cavity loss, carrier lifetime, and optical fiber coupling efficiency [14] .
The effective refractive index of the dual FBG depends on both the lasing wavelength and the carrier density in the gain region. Both the increase in the laser drive current and the increase in ambient temperature T are associated with the increase in carrier density. Given that n(λ, T )/λ is a constant (λ B = 2nΛ, where Λ is the period of the refractive index), when the laser operates at the stable drive current, we can relate the change in the central wavelength to the change in certain ambient temperature:
dT,
where λ 0 and n 0 are the peak lasing wavelength and the refractive index without external feedback, respectively. In Fig. 3 , the output peak wavelength of the laser module varies with the change in ambient temperatur. It is shown that the increase of temperature and external reflectivity leads to the peak wavelength red-shifting. Supposing that the temperature-induced wavelength shift from the dual FBG external cavity is dominant in the laser module [15−18] , the peak wavelength is almost the same as the Bragg wavelength. In the simplest situation, FBG 1 and FBG 2 of the dual FBG are the same. The laser module wavelength shift can be expressed as:
where κ (0< κ <1) is the dual FBG wavelength shifting proportional coefficient caused by the dual FBG cavity, and ξ is the wavelength shifting coefficient of a single FBG. Apart from the ambient temperature, there also exists current-induced heating of the laser chip, leading to wavelength shift in the uncooled laser module. However, the effect of current-induced heating plays a minor role here, and it is hardly ever considered because the far field evolution, coupled with nonlinear gain suppression, outweighs the effects of the increase of junction temperature with the increase of drive current [19−25] .
Based on the theory above, the parameters of dual FBG are optimized as follows: D = 40 cm, the effective refractive indices of FBG 1 and FBG 2 n 1 = n 2 =1.4545, λ B =979.5 nm, the grating lengths of FBG 1 and FBG 2 L 1 = L 2 = 0.19 mm, and h=50 mm.
When the relative humidity was less than 80% and the indoor temperature was 23±1 • C, the power-current (L − I) characteristics and the spectra of the laser module with the dual FBG were measured by optical power meter (OPM) and optical spectrum analyzer (OSA), respectively. These were done in order to test the rationality and accuracy of the optimization design. The laser module and the dual FBG were placed in a temperature-controlled container, where the ambient temperature of 0-70 • C was exactly controlled by proportional integral derivative (PID) controller. The temperature fluctuation was less than 0.5 • C, and the temperature resolution was 0.1 • C. Figure 4 shows the L − I characteristics of the laser module with the dual FBG being linear at the drive current between 30-400 mA. Figure 5 shows the output spectra of the laser module with the dual FBG when the laser drive current is 400 mA and the ambient temperature of the laser and the dual FBG is from 0 to 70 • C. The peak wavelength shift is less than 0.3 nm, and the SMSR is more than 45 dB. The full-width at half-maximum (FWHM) is less than 1 nm. Figure 6 shows the output spectra of the laser with the dual FBG when the laser drive current is 400 mA, the dual FBG ambient temperature is 23 • C, and the laser module ambient temperature ranges from 0 to 70 • C. The peak wavelength shift is less than 0.1 nm, and the SMSR is more than 45 dB. The FWHM is less than 1 nm. The results show that the laser module with the dual FBG is almost not affected by the laser ambient temperature and that the wavelength shift of the dual FBG is dominant in the laser module with the dual FBG. The theoretical analysis is almost consistent with the experimental results. Figure 7 shows the wavelength shift of the laser module with and without the dual FBG at drive currents of 400 and 100 mA, respectively. The wavelength shift of the laser module with the dual FBG is much less than that of the laser module without the dual FBG. At 0-70 • C, the peak wavelengths of the laser module with and without the dual FBG were less than 0.3 nm and larger than 3.5 nm, respectively. Moreover, the laser module with the dual FBG is less affected by the drive current. Figure 8 shows the ∆λ/∆T characteristics of the laser module without the dual FBG and with it at drive currents of 400 and 100 mA and ambient temperature of 0-70 • C, respectively. The curves show that the temperature-induced wavelength shift stability of the laser module with the dual FBG is better and is less affected by the drive current. Compared with ξ ≈ 9.4×10 −6 • C −1 (for the typical germanium-doped silica fiber) in a single FBG, the dual FBG wavelength shift coefficient is less. According to Eq. (8) , κ is between 0.1086 and 0.4342 by calculating ∆λ/∆T in Fig. 8 . The whole results show that the dual FBG can overcome the wavelength shift effectively and achieve a stable operation of the high-power uncooled semiconductor laser. Fig. 6 . Spectra of the laser module with the dual FBG when the dual FBG ambient temperature is the room temperature and the laser drive current is 400 mA. In conclusion, through the application of the optimized dual FBG for external stabilization, the wavelength shift stability of the uncooled laser module has been improved in the 0-70 • C operating range. Meanwhile, the modestabilizing characteristics are almost not affected by the drive current and the ambient temperature. The wavelength shift of the dual FBG external cavity is dominant in the laser module, which has been proven by the experimental results. In practice, if only the dual FBG can be separated from a heat source or temperaturechanging materials, the wavelength shift at 0-70 • C can be less than 0.1 nm. The package of the laser module should be required to reserve certain space for the dual FBG, and the dual FBG should be coated by thermal insulation. The dual FBG can consequently meet the practical requirements of high-power uncooled 980-nm semiconductor lasers.
